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SUPPLEMENTARY NOTES
ABSTRACT
The beneficial effects of hormonal therapy with antiestrogens or aromatase inhibitors for estrogen receptor (ER) positive metastatic breast cancer are limited by the phenomenon of hormonal resistance. We have found that valproic acid (VPA), a pharmaceutical long used as an anti-convulsant and recently found to have anti-tumor action possibly because it is a histone deacetylase inhibitor, enhances the action of antiestrogens and aromatase inhibitors on breast cancer cells. Our specific hypothesis is that VPA, will enhance the effectiveness and duration of hormonal therapy of human breast cancer xenografts growing in mice and with few side effects. Thus VPA would be an immediate candidate as an agent to enhance the effectiveness of hormonal therapy in humans. In the first few months of this award we have begun to investigate the ability of VPA to enhance the actions of tamoxifen or letrozole on human breast cancer xenografts growing on nude mice. We have also begun planning a human clinical trial of the ability of VPA to enhance tamoxifen action during a two week treatment after biopsy and prior to surgery.
SUBJECT TERMS
Estrogen receptor positive, breast cancer, tamoxifen, aromatase, letrozole, histone deacetylase, mice xenografts, MCF-7
Introduction:
First year annual report: Enhancing Hormonal Therapy for Breast Cancer by Combination with Valproic Acid a Well-Known Approved Pharmaceutical with Little Toxicity. Peter Kushner, PI
The beneficial effects of hormonal therapy with antiestrogens or aromatase inhibitors for estrogen receptor (ER) positive metastatic breast cancer are limited by the phenomenon of hormonal resistance. We have found that valproic acid (VPA), a pharmaceutical long used as an anti-convulsant and recently found to have anti-tumor action possibly because it is a histone deacetylase inhibitor, enhances the action of antiestrogens and aromatase inhibitors on breast cancer cells. Furthermore valproic acid prevents the pro-proliferative effects of tamoxifen on uterine cells, suggesting that the combination of tamoxifen and valproic acid might be both more effective and less potentially harmful than tamoxifen mono-therapy. VPA is currently dosed to reach a target concentration in patient serum. VPA treatment at the recommended concentrations enhances the actions of tamoxifen, raloxifene, or fulvestrant to prevent proliferation of estrogen receptor positive breast cancer cells in culture. Thus tamoxifen blocks cell cycling in these cells and VPA both potentiates tamoxifen and makes it more efficient by cooperating with it to induce apoptosis. Our specific hypothesis is that VPA, will enhance the effectiveness and duration of hormonal therapy of human breast cancer xenografts growing in mice and with few side effects. Thus VPA would be an immediate candidate as an agent to enhance the effectiveness of hormonal therapy in humans. STATUS:While we were waiting for the money to be available another group at John's Hopkins explored the means to deliver valproic acid to mice and published a paper demonstrating that the best effects on prostate cancer were achieved by delivery in the drinking water. Delivery by injection or oral gavage was very inefficient because of rapid clearence. We have been using VPA in the drinking water for our mouse experiments with breast cancer.
Our recent cell culture studies have revealed that VPA need not be present continually to induce apoptosis of breast cancer cells. Between 8 and 16 hours of exposure in a 24 period is fully effective. When valproic acid is delivered to mice in drinking water it is rapidly cleared when the mice cease drinking. Thus they are only exposed for their waking hours. This delivery system mimics the schedule that we have seen to be effective in cell culture.
If VPA is effective in mice when delivered in drinking water and only present for part of the 24 interval we will exploit a similar schedule of dosing in human studies that we contemplate will begin late this year. We have been planning a human clinical trial of tamoxifen plus valproic acid versus tamoxifen alone with Dr. Shelly Hwang here in the Department of Surgery at UCSF. This will be a two week window trial of treatment with the drugs between biopsy and surgery. VPA can cause sleepiness and this is a complaint of some patients who have taken the drug in clinical trials for cancer. To minimize this problem we are contemplating a once a day dosing prior to bedtime. This would produce a window of drug exposure primarily during sleep. The mouse studies which model exposure for only part of a day will be relevant to the decision whether to adopt this dosing strategy.
Task 3. With a reliable method for delivery of valproic acid to mice that achieves serum concentrations in the range of 300-750 micro-molar evaluate the effect of valproic acid on the initial tumor regression of MCF-7 xenografts subjected to tamoxifen or estrogen withdrawal treatment.
Task 3a. Establish MCF-7 xenografts in ovexed nude mice purchased from Charles River. There will be a 2-4 month lag time to receive the mice from the supplier. Getting the full complement of xenografts started and up to 400 cubic millimeters will take around 3 months after the mice are in hand.
Task 3b. Remove the supplemental estrogen and exposure the mice to vehicle, tamoxifen, VAP, or tamoxifen plus VAP and measure tumor volume for the next 30 days.
Task 3 c. Remove the tumors and analyze them for growth, cell proliferation, apoptosis and gene expression of candidate genes involved in cell cycling and apoptosis. Also measure VPA levels in the tumor and assay for histone acetylation.
Task 3 d. Analyze the results and write them up. Task 3 will proceed from months 6 to 18 of the project.
STATUS:
We have made one slight alteration to the protocol, which is to use MCF-7 clone 18 cells that overexpress HER2/neu for this experiment. These cells (unlike parental MCF-7 cells) are stimulated to grow by tamoxifen and will give a clearer picture whether VPA enhances the effects of tamoxifen on human breast cancer. Task 3a has been accomplished and task 3b is underway. Task 4a. Establish tumors, start treatment and continue to measure tumors until progression is observed or one year passes. There will be five groups of mice 12 mice per group and two tumors per mouse. One group will get continued estrogen treatment the other four will be treated with nothing, tamoxifen, VPA, or the combination of tamoxifen and VPA. The tumors will be measured until they have at least grown to 1cm or the experiment is terminated. Task 4b. Analyze the results of the experiment and write up. If studies on gene expression, VPA content, proliferation or apoptosis are indicated do these assays and add to the analysis. Task 4 will go from the begging of the second year to the end of the project.
STATUS: task 4 has not yet begun
Task 5. Examine the initial response of tumors to letrozole or to letrozole plus VPA. This task is similar to task 3 above and will go on in parallel to that task. We have experience in the xenograft model using standard MCF-7 cells and estrogen supplementation to initiate tumor growth. We will have to explore experimental conditions to establish the model using MCF-7 aromatase cells which can be supplemented with adrenal androgens rather than with estrogen. We are familiar with this model in cell culture but not in xenografts. Thus there may be a slight delay in this task compared to task 3. Like task 3 this task will issue in a publication, but it is likely to be one separate from that coming from task 3.
Abstract and Podium Presentation Enhancing Hormonal Therapy for Breast Cancer by Combination with Valproic Acid a Well-Known Approved Pharmaceutical with Little Toxicity. Peter Kushner, PI
The beneficial effects of hormonal therapy for estrogen receptor (ER) positive metastatic breast cancer are limited by the phenomenon of hormonal resistance. Similarly hormonal therapy to prevent recurrence after successful surgery is not always effective. One attractive tactic to extend the magnitude and duration of response to hormonal therapy would be to combine it with another therapy with an independent target in the tumor cells. Unfortunately, the most familiar of such candidate therapies, cytotoxic agents used in chemotherapy, do not combine effectively with hormonal therapy which appears to antagonize the beneficial actions of chemotherapy as observed both in clinical trials and in cell culture models.
We have found that valproic acid (VPA), a pharmaceutical long used as an anti-convulsant and recently found to have anti-tumor action possibly because it is a histone deacetylase inhibitor, enhances the action of antiestrogens and aromatase inhibitors. Furthermore valproic acid prevents the pro-proliferative effects of tamoxifen on uterine cells, suggesting that the combination of tamoxifen and valproic acid might be both more effective and less potentially harmful than tamoxifen mono-therapy. VPA is currently dosed to reach a target concentration in patient serum. VPA treatment at the recommended concentrations enhances the actions of tamoxifen, raloxifene, or fulvestrant to prevent proliferation of estrogen receptor positive breast cancer cells in culture. Thus tamoxifen blocks cell cycling in these cells and VPA both potentiates tamoxifen and makes it more efficient by cooperating with it to induce apoptosis. Our specific hypothesis is that VPA, will enhance the effectiveness and duration of hormonal therapy of human breast cancer xenografts growing in mice and with few side effects. Thus VPA would be an immediate candidate as an agent to enhance the effectiveness of hormonal therapy in humans.
Specific Aims: Aim 1. To examine the ability of VPA to enhance both a) the initial response and b) the duration of response to the antiestrogen tamoxifen or to estrogen ablation therapy of MCF-7 xenografts grown in ovariectomized nude mice, and to study the effects of VPA on markers of cell cycling, apoptosis, and gene expression in the xenografts. Aim 2. To examine the ability of VPA to enhance the extent of initial response and duration of response to the aromatase inhibitor letrozole of MCF-7/aromatase cells growing as xenografts under stimulation with adrenal androgen in ovex nude mice.
We will present studies showing both the effect and potential mechanisms whereby VPA enhances hormonal therapy in cell culture and (if ready) some preliminary results of our studies in mice. Abstract Here we report a novel potential therapeutic strategy using histone deacetylase (HDAC) inhibitors to enhance the action of hormonal therapy agents in estrogen receptor alpha (ERa)-positive breast cancer. HDAC inhibitors [trichostatin A (TSA), suberoylanilide hydroxamic acid (SAHA) and valproic acid (VPA)], inhibited proliferation of MCF-7 breast cancer cells and, in combination with tamoxifen inhibited proliferation better than with either agent alone. VPA, an anti-convulsant drug with HDAC inhibitory activity, enhanced tamoxifen action at doses within the concentration range used for anti-convulsive therapy. VPA cooperated with tamoxifen in a variety of ERa-positive cell lines and was also effective when combined with other antiestrogens, and with aromatase inhibition. VPA enhanced antiestrogen action by promoting cell death via apoptosis without affecting cell cycling. Some of this action may be due to VPA's ability to induce the pro-apoptotic gene Bik, which is also induced by antiestrogens. Remarkably, VPA blocked the undesirable pro-proliferative action of tamoxifen on uterine endometrial cells. Our in vitro results suggest that VPA and other HDAC inhibitors have the potential to enhance hormonal therapy for ERa-positive breast cancer and simultaneously reverse the adverse effects of antiestrogens in the uterus.
Keywords Histone deacetylase inhibitors Á Tamoxifen Á Antiestrogen Á Breast Á Uterus
Introduction
Significant improvements in endocrine therapy for breast cancer have occurred with the introduction of aromatase inhibitors and fulvestrant, an agent that down-regulates estrogen receptor (ER) expression. Unfortunately, like tamoxifen, a subset of tumors are either initially resistant or acquire resistance over time, despite maintaining ERa expression [1] [2] [3] . In addition to resistance, tamoxifen therapy has undesirable side effects such as an increase in venous thromboembolic events and stimulating proliferation of uterine endometrial cells, putting women at a higher risk for developing uterine adenocarcinoma [4] . Thus, there is a compelling need to develop new therapeutic strategies to circumvent resistance against hormonal therapy in breast tumors and extend the disease-free survival of patients.
One attractive therapeutic strategy to improve the efficacy of hormonal therapies is to combine them with agents that target separate biochemical pathways. Although several randomized trials have combined antiestrogens concomitantly with traditional adjuvant chemotherapies that target the integrity of DNA, these trials have produced disappointing results, perhaps because hormonal therapy antagonizes the effectiveness of chemotherapy [5, 6] . Such antagonist action of hormonal therapy is seen in cell culture, and may result both from antiestrogen effects on cell cycling and independent actions of the antiestrogen [7] [8] [9] . A recent popular strategy has been to combine hormonal therapy with agents that block signaling from growth factor receptors, including the epithelial growth factor receptor (EGFR), the insulin-like growth factor receptor (IGFR), and their down stream effectors such as extracellular signal-regulated kinase (ERK), AKT/ protein kinase B, and the mammalian target of rapamycin (mTOR). Combination of hormonal therapy and inhibitors of these pathways has shown promise in cell culture and preclinical animal studies [10] . However, a recent trial of combining the aromatase inhibitor letrozole with temsirolimus, an inhibitor of mTOR, the downstream effector of IGF signaling, was terminated for lack of benefit [11] .
An alternative unexplored approach to maximize the efficacy of antiestrogens and aromatase inhibitors in ERa-positive tumors is to combine these therapies with agents that target events in gene expression that parallel the actions of antiestrogens. Histone deacetylases (HDAC) represent a key component of transcriptional control of ER signaling and increase the transcriptional activity of tamoxifen [12] [13] [14] . There are a number of small molecule inhibitors of HDACs in preclinical development that have been shown to inhibit proliferation, induce differentiation and/or apoptosis in a wide range of cancer cells and hold much promise as anti-neoplastic agents [15, 16] . Hyperacetylation is associated with a transcriptionally permissive environment and HDAC inhibitors, which ends up only affecting a small number of target genes, activate genes involved in cell cycle arrest, apoptosis, and differentiation [17] [18] [19] . Furthermore, HDAC inhibitors increase the efficiency of several anticancer drugs that target the DNA [20, 21] . Several studies have reported that HDAC inhibitors inhibit proliferation of ERapositive breast cancer cells in vitro as well as tumor growth in a rat mammary carcinoma model [19, 22, 23] . The mechanism is unclear but may in part involve down-regulation of ERa, the ER that drives proliferation in breast cancer cells [24, 25] .
The anti-convulsant and mood stabilizer valproic acid (VPA) was recently discovered to inhibit classes I and II HDAC activity at therapeutic concentrations [26, 27] . In contrast to other HDAC inhibitors, VPA is well tolerated and has been safely used in patients for long-term treatment of epilepsy and bipolar disorders for more than 35 years. VPA inhibits the proliferation of many types of cancer cells including breast cancer cells [24, 28, 29] . In vivo, VPA inhibited tumor growth and delayed lung metastasis in the MT-450 rat breast cancer model [27] . VPA also synergizes with traditional chemotherapy agents to inhibit the proliferation of tumor cells in culture and in xenografts [30] . Because of these promising studies, several clinical studies have commenced to investigate the effective dose of VPA to achieve an anti-neoplastic effect in solid tumors, including breast cancer and also in combination with traditional chemotherapy agents [31] .
Here we report that the combination of VPA and hormonal therapy inhibits the proliferation of ERapositive breast cancer cells better than using either agent alone. Surprisingly, VPA also dramatically inhibits the proliferative effects of tamoxifen on uterine endometrial cells. Our results suggest that VPA may confer protection against the undesirable proproliferative effects of tamoxifen on the uterus while increasing the anti-proliferative effects of antiestrogens and aromatase inhibitors against E2-sensitive breast tumors. Transfections MCF-7 cells growing in 12-well dishes were transfected with ERE-Luc and b-galactosidase reporter gene using Lipofectamine 2000 transfection reagent (Invitrogen) according to manufacturer's instructions. ERE-Luc reporter gene has been previously described [32, 33] . Five hours after transfection, cells were treated in triplicate with ligands and harvested 24 h later using a lysis buffer containing 100 mM Tris-HCl, 1% Triton-X100 and 1 ll/ml dithiothreitol. Reporter gene activity was measured using assay kits for Luciferase (Promega, Madison, WI, USA) and b-galactosidase (Tropix, Bedford, MA, USA), according to manufacturer's instructions.
Materials and methods
Cell
Immunoblotting
Cells were grown in 100 mm dishes and treated with ligands in triplicate. Cells were harvested 24 h later using a lysis buffer containing 65.2 mM Tris-HCl, 154 mM NaCl, 1:100 NP-40, 1:400 sodium doxycholate, 2 mM sodium orthovanadate, 1 mM sodium flouride, 1 mM phenylmethylsulphonylfluoride, and 1 lg/ml each of leupeptin, aprotinin, and pepstatin. Whole cell extracts were separated by SDS-PAGE, transferred to a nitrocellulose membrane, and immunoblotted using standard methods with the following antibodies: ERa, Bik, Bcl-2, actin and b-tubulin (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA), cyclin D1 and acetylated histone H4 (Zymed, San Francisco, CA, USA).
Statistical analysis
All results are presented as mean ± standard error (SEM). Statistical significance between treatment groups was determined by ANOVA with Fisher's planned least significant test at P £ 0.05 conducted using Statview software (SAS Institute, Cary, NC, USA).
Results
HDAC inhibitors enhance tamoxifen action on breast cancer cells
Since HDAC inhibitors have been previously shown to inhibit proliferation of ERa-positive breast cancer cells, we examined their ability to cooperate with antiestrogens, i.e., inhibiting cell proliferation better when used in combination than using either agent alone. The well-described HDAC inhibitor, TSA, inhibited E2-induced proliferation of MCF-7 breast cancer cells in a dose responsive manner and cotreatment with the biologically active metabolite of tamoxifen, 4-hydroxytamoxifen (OH-Tam), inhibited proliferation better than either agent alone (Fig. 1a) . The IC 50 of TSA alone was 51 nM and co-treatment with tamoxifen shifted the IC 50 to 32 nM-thus, tamoxifen enhanced the potency as well as efficacy of TSA. Similarly, the HDAC inhibitor SAHA inhibited MCF-7 cell growth, and tamoxifen co-treatment shifted the IC 50 of SAHA from 300 to 125 nM (Fig. 1b) . We also examined the effects of VPA, an anti-convulsant recently shown to possess HDAC inhibitory activity [26, 27] . Like the other HDAC inhibitors, VPA inhibited MCF-7 cell growth and tamoxifen co-treatment shifted the IC 50 of VPA from 800 to 500 lM. Thus, all three HDAC inhibitors enhanced the efficacy of tamoxifen, and tamoxifen enhanced the potency of the HDAC inhibitors, suggesting that HDAC inhibitors in general cooperate with the anti-proliferative effects of tamoxifen.
Breast Cancer Res Treat
Next we determined if HDAC inhibitors increase the acetylation of histones at doses observed to inhibit breast cancer cell proliferation by immunoblotting with an antibody specific for the acetylated form of histone H4. MCF-7 cells treated for 48 h with SAHA exhibited increased acetylated H4 protein with 300 nM, its IC 50 , and twice this amount, 600 nM, further increased acetylated H4 levels (Fig. 1d) . The IC 50 of VPA, 800 lM, also increased acetylated H4 levels, as did 1.6 mM of VPA. It should be noted that tamoxifen treatment did not alter acetylated H4 levels by itself, nor did it alter acetylation induced by HDAC inhibitors (data not shown). These data indicate that accumulation of acetylated histones occur at doses which correspond with the anti-proliferative effect of tamoxifen, suggesting that the ability of these agents to inhibit HDAC activity contributes at least in part for the observed effects.
VPA enhances the anti-proliferative effect of tamoxifen in ERa-positive cell lines
To further characterize the interaction of antiestrogens and HDAC inhibitors on hormone sensitive cells, we focused on VPA as a model HDAC inhibitor since the pharmacology and bioavailability of VPA has been well characterized. Plasma levels of VPA in patients treated for epilepsy and bipolar disorders range from 50 to 120 lg/ml (350-850 lM), therefore we used the therapeutic dose of 750 lM of VPA to determine its effect alone and in combination with tamoxifen in E2-sensitive cells. Both VPA and tamoxifen inhibited MCF-7 cell proliferation, particularly in the presence of E2 (Fig. 2a) . When VPA and tamoxifen treatment were combined, MCF-7 cell proliferation was inhibited to a greater extent than with either ligand alone. T47D cells responded similarly to MCF-7 cells, with VPA and tamoxifen cooperating in their anti-proliferative effects (Fig. 2b) . ZR-75-1 cells, which exhibited a higher level of basal proliferation compared to the other two cell lines, were also significantly inhibited by co-treatment of VPA and tamoxifen in the absence of E2 (Fig. 2c) . Together, these results indicate that VPA and tamoxifen cooperate in their anti-proliferative effects for ERa-positive breast cancer cells. 
VPA reverses the agonist activity of tamoxifen in endometrial cells
One of the major drawbacks of tamoxifen therapy is the increased proliferation of uterine endometrial cells, putting patients at an increased risk of developing adenocarcinoma [4] . Any therapeutic agent that enhances the anti-proliferative effect of tamoxifen in the breast should ideally not also enhance the agonist activity of tamoxifen in the uterine endometrium. Therefore, we treated Ishikawa adenocarcinoma cells, which proliferate in response to tamoxifen, with VPA alone or combined with tamoxifen (Fig. 2d) . VPA dramatically inhibited proliferation alone and equally antagonized the proliferative effect of both E2 and tamoxifen. Thus, while VPA cooperated with the antiproliferative effect of tamoxifen in breast cells, VPA reversed the E2-like agonist activity of tamoxifen in endometrial cells.
VPA enhances the efficacy and potency of antiestrogens in breast cancer cells
Since VPA enhances the efficacy of tamoxifen we next examined whether VPA would also enhance its potency in a dose responsive proliferation assay. E2-stimulated MCF-7 cells were treated with a range of concentrations of tamoxifen, both in the presence and absence of 750 lM VPA (Fig. 3a) . VPA treatment alone inhibited E2-stimulated cell proliferation by 25% and increased the relative efficacy of tamoxifen at all doses tested. VPA also shifted the IC 50 for tamoxifen treatment to 3 nM, compared to 25 nM when tamoxifen was used alone. Thus, VPA enhanced the potency as well as the efficacy of tamoxifen action on cell proliferation. We next investigated if VPA could also be effective in enhancing the anti-proliferative activity of other antiestrogens besides tamoxifen. MCF-7 cells treated with VPA alone exhibited decreased proliferation (Fig. 3b) . Similar to tamoxifen, raloxifene substantially decreased E2-stimulated growth and co-treatment with VPA further decreased cell number. The pure antiestrogen fulvestrant (also known as ICI 182,780 or faslodex) inhibited E2-stimulated growth in a dose responsive manner and VPA increased this inhibition with 1, 2.5, and 5 nM of fulvestrant (Fig. 3c) . These data indicate that in addition to tamoxifen, VPA also cooperates with the anti-proliferative effects of raloxifene and fulvestrant and possibly other antiestrogens.
VPA does not arrest cell cycle progression
To determine if VPA enhanced the anti-proliferative effect of tamoxifen by halting cell cycle progression, we used flow cytometry to measure the number of cells in each phase of the cell cycle. MCF-7 cells were treated with ligands for 48 h and the population of cells in G1, S, and G2 was estimated based on DNA content (Fig. 4a) . VPA treatment alone induced a small arrest in the G1 phase in the absence of E2, but had no effect when E2 was present. As expected, tamoxifen had a dramatic effect of arresting cells in G1 in the presence of E2. However, the addition of VPA to tamoxifen on E2-induced cell cycle progression did not yield a detectable change, in contrast to the cooperative inhibitory effect on cell proliferation observed above. These observations suggest that VPA may be enhancing the action of tamoxifen by some means other than altering cell cycle progression.
VPA induces apoptosis and enhances the apoptotic activity of tamoxifen
We examined MCF-7 cells with phase microscopy to determine whether VPA and tamoxifen induced morphological changes such as those associated with cells (Fig. 4b) . After 6 days in culture, E2-treated cells grew into a confluent monolayer, covering virtually every available space in the culture dish. VPA-treated cultures exhibited fewer cells as well as an increased number of floating cells. A dramatic decrease in cell number was observed when VPA and tamoxifen were used together than with either drug alone. Additionally, VPA and tamoxifen co-treatment produced an increased proportion of cells exhibiting bright, condensed, and/or rounded cells with an increased number of floating cells, morphologies indicative of cells in late-stage apoptosis.
To further characterize the effect of combination treatment with VPA and tamoxifen on cell death we employed a quantitative apoptotic assay specific for annexin V, which binds to the outer membrane of unfixed cells undergoing apoptosis and is observed even at the earliest stages of apoptosis [34] . Since unstimulated MCF-7 exhibit low levels of apoptosis (1.78% of the total cell population), at least 5,000 cells were analyzed to obtain an accurate measurement of the apoptotic index (Fig. 4c) . In reality, the number of annexin V-positive cells could be much higher since microscopic analysis allowed only attached cells to be analyzed, thus excluding cells undergoing late stage apoptosis that have detached in culture. Both VPA and tamoxifen treatments alone induced similar increases in the number of annexin V-positive cells observed, 3.85 and 2.72%, respectively. VPA plus tamoxifen cotreatment further increased the apoptotic index to 5.18%. In summary, VPA enhanced tamoxifen-induced apoptosis while having little or no effect on tamoxifen's ability to arrest cell proliferation.
Interactions of VPA and tamoxifen on gene expression mediated by estrogen receptor alpha (ERa) Both antiestrogens and HDAC inhibitors are believed to exert their anti-proliferative effects in hormone sensitive cells by modulating ER activity and/or altering ER protein levels. Since ERa is a major mediator of proliferation in breast cancer cells, we analyzed the effect of VPA and tamoxifen on transcriptional activity at a luciferase reporter gene containing a consensus estrogen response element (ERE) (Fig. 5a ). In A B C Fig. 4 Effect of VPA and tamoxifen co-treatment on cell cycling and cell death. (A) VPA alone or in combination with tamoxifen does not alter E2-induced cell cycle distribution. Flow cytometry was used to measure DNA content of MCF-7 cells treated for 48 h with the following concentrations of ligands as indicated: 100 pM E2, 750 lM VPA, and 10 nM OHT. (B) Increased cell death and apoptotic-like morphology with VPA and tamoxifen co-treatment. MCF-7 cells were treated with the same concentrations of ligands above as indicated for a 6-day period and a representative field analyzed by phase microscopy at 10· magnification. The arrow points to a group of cells with apoptotic-like morphology. (C) VPA increases apoptosis and enhances tamoxifen-induced apoptosis. MCF-7 cells were treated for 72 h in the absence of E2 and apoptotic index measured by AnnexinV-fluorescein staining. For each treatment a minimum of 5,000 nuclei, pooled from three independent experiments, were analyzed by fluorescent microscopy b transiently transfected MCF-7 cells endogenous ER stimulated transcription approximately 13-fold with 100 pM E2 treatment. High concentrations of TSA and VPA alone induced transcription and also increased the transcriptional activity of tamoxifen, as seen previously by us and others [13, 14, 35] . However, 750 lM VPA, the dose previously demonstrated to inhibit tamoxifen induced growth, was unable to activate transcription alone or in the presence of tamoxifen.
Interestingly, although a high dose of VPA alone inhibited E2-induced transcriptional activity, it increased the ability of tamoxifen to stimulate transcription in the presence of E2. Thus, it is unlikely that VPA enhances the anti-proliferative effect of tamoxifen by increasing the transcription of target genes containing a consensus ERE, where VPA if anything enhances the E2-like effects of tamoxifen.
Since many genes induced by E2 do not have a consensus ERE in their promoters we also examined changes in protein expression from several endogenous E2-regulated genes and receptor levels in MCF-7 cells treated for 72 h with ligands. A therapeutic dose of VPA slightly down-regulated ERa protein expression and also attenuated the increased ERa expression that is typically observed with tamoxifen treatment (Fig. 5b) . This effect was observed in the absence of E2 and VPA did not appreciably alter tamoxifen-induced up-regulation of ERa in the presence of E2. ERb protein was not detected by immunoblotting and its expression was not increased with ligand treatment (data not shown). As expected, cyclin D1 was up-regulated by E2 and down-regulated by tamoxifen, however VPA alone did not alter cyclin D1 expression nor did it alter tamoxifen-mediated down-regulation of cyclin D1. Thus, the effect of VPA on cyclin D1 expression is consistent with the lack of effect on cell cycle progression (Fig. 4a) . The pro-survival protein Bcl-2 was up-regulated with E2 treatment and tamoxifen inhibited Bcl-2 stimulation by E2, as expected (Fig. 5b) . VPA treatment however did not have a significant effect on Bcl-2 expression either alone or with tamoxifen.
The pro-apoptotic gene Bik has been reported to be an essential mediator of antiestrogen-induced apoptosis in MCF-7 cells, where its expression is up-regulated by E2 withdrawal or by the pure antiestrogen fulvestrant [36] . Under E2-deprived conditions, where Bik protein is expressed at high levels, VPA and tamoxifen had minimal effects on Bik expression alone and downregulated Bik when treated together (Fig. 5b) . In the presence of E2, where Bik protein is down-regulated, both VPA and antiestrogens individually induced Bik, and co-treatment with both drugs additively enhanced Bik expression at 3 days (Fig. 5b) but antagonized each other's effect on Bik at 6 days (Fig. 5c ). It should be noted however that while VPA and antiestrogen treatment did not always synergize to up-regulate Bik, their combined effect on Bik was always increased relative to vehicle alone. In Ishikawa endometrial adenocarcinoma cells neither tamoxifen, raloxifene, or fulvestrant induced Bik expression (Fig. 5c) . However, VPA strongly induced Bik in Ishikawa cells when treated alone and in combination with the antiestrogens, thus mirroring the anti-proliferative effect by VPA in these cells.
VPA enhances the efficacy of aromatase inhibitors
Aromatase inhibitors are particularly effective in postmenopausal women whose breast tumors are stimulated by the local production of E2 via aromatase in the breast tissue microenvironment. Aromatase is the enzyme responsible for the conversion of testosterone into E2 and is often overexpressed in breast tumors [37] . To examine the effect of VPA on aromatase inhibitors we treated MCF-7 cells stably overexpressing aromatase (MCF-7aro) and stimulated proliferation with testosterone (Fig. 6a) . After 5 days of treatment, testosterone stimulated proliferation as well as E2, indicating that aromatase is functional in MCF7aro cells and converting testosterone to E2. The aromatase inhibitor letrozole inhibited testosteroneinduced proliferation in a dose responsive manner. VPA increased the efficacy of both doses of letrozole tested, inhibiting proliferation better than either drug alone. VPA enhanced the anti-proliferative effect of letrozole in a similar manner when MCF-7aro cells were stimulated with the adrenal androgen androstenedione (Fig. 6b) . Taken together, these results indicate VPA cooperates with the antiproliferative effects of the two major forms of hormonal therapy currently used for treating ERa-positive breast cancer, antiestrogens and aromatase inhibitors.
VPA enhances the antiproliferative effect of tamoxifen in MCF-7 cells overexpressing HER-2/ neu
Stably overexpresed HER2/neu in MCF-7 cells permits these cells to grow as tamoxifen-resistant tumors in nude mice [38, 39] . Having established that VPA increases the efficacy of tamoxifen in MCF7 cells, we next determined whether VPA could overcome the increased growth rate and decreased sensitivity to tamoxifen typical of MCF-7/HER2 cells growing in vitro (Fig. 7) . As expected, we observed an increased basal level of proliferation in MCF-7/HER2 cells when compared to parental MCF-7 cells and a slight decrease in sensitivity to tamoxifen. Like parental cells, VPA inhibited proliferation of MCF-7 cells overexpressing HER2/neu. In the presence of E2, VPA increased the efficacy of tamoxifen in MCF-7/HER2 cells, with the combination of drugs working better than either one alone. These results indicate that VPA enhances the anti-proliferative effect of antiestrogens in both tamoxifen-sensitive cells and in tamoxifenresistant breast cancer cells. 
Discussion
Here we demonstrate that inhibition of HDACs, for example with the inhibitor VPA, cooperates with the two most common hormonal therapies for breast cancer, antiestrogens, and aromatase inhibitors, to achieve an enhanced anti-proliferative effect when treated in combination-one greater than occurs with either agent alone. VPA also sensitizes tamoxifen-resistant MCF-7 cells overexpressing HER2/neu to the anti-proliferative effect of tamoxifen. Interestingly, VPA unexpectedly reverses tamoxifen-induced proliferation in cultured uterine endometrial cells. These cooperative action between VPA, or TSA, or SAHA and antiestrogens to inhibit proliferation in breast cancer cells is likely mediated by their HDAC inhibitory action as these drugs increase acetylated H4 at doses that corresponded to cell inhibition and cooperation with antiestrogens.
The concentration of VPA used in this study that cooperated with anti-hormonal therapy, and also was efficient at inducing histone H4 acetylation, 750 lM, corresponds with target total VPA concentrations in the serum of patients being treated for epilepsy and bipolar disorders (300-850 lM). Whereas the concentration of free VPA, that is, VPA not bound to serum proteins, is likely to be less than half that level, it is noteworthy that a recent phase I/II trial of the combination of VPA and epirubicin for solid tumors observed histone acetylation in blood mononuclear cells and free VPA levels of the order used in this study treating with standard doses of VPA [31] .
Our results indicate that VPA enhances the ability of tamoxifen to induce apoptosis but not to arrest cell cycle progression. The pattern of VPA-induced changes in gene expression is consistent with these effects on cell survival since VPA does not attenuate cyclin D1 levels when compared to vehicle or tamoxifen. Both VPA and antiestrogens induce the pro-apoptotic gene Bik. However, when the two drugs are combined they can either cooperate or antagonize each others action depending on the timing of the application. Thus simple synergy of Bik induction cannot fully explain the ability of the two agents to cooperate in the induction of apoptosis. Although we do not currently entirely understand the complexities of regulation of apoptosis in breast cancer cells by antiestrogens and VPA, further investigations into the transcriptional regulation of Bik and other members of the apoptotic pathway are warranted to determine their role in mediating the anti-proliferative effects of anti-cancer drugs in breast cells.
It was recently reported that the HDAC inhibitor TSA sensitized ERa-negative breast cancer cells to the inhibitory effects of tamoxifen and this effect was attributed to the de novo expression of ERb [12] . The MCF-7 cells used in this study however express very low levels of ERb protein and treatment with HDAC inhibitors and/or tamoxifen did not increase ERb protein expression to a detectable level by immunoblotting (data not shown). Thus, it is unlikely that ERb is a major mediator of the cooperative effects of VPA and tamoxifen in inhibiting ERa-positive cell growth.
Valproic acid and other HDAC inhibitors are known to down-regulate ERa expression and here we find that therapeutic doses of VPA does indeed slightly reduce ERa levels in the absence of E2 [14, 24, 25] . Counterbalancing the decrement in receptor expression, VPA and other HDAC inhibitors increase the action of p160 co-activators for ERa, which have histone acetyltransferase activity, and are in dynamic competition with HDAC-containing complexes. The outcome of these two opposing actions of VPA on modulating ERa activity tends to be variable and is likely gene and tissue-specific. Like other investigators, we also observe that in the absence of E2, higher doses of VPA and TSA increase transcription of an estrogenresponsive ERE reporter gene and enhance the transcriptional activity of tamoxifen [12] [13] [14] . However, this increase in transcriptional activity induced by HDAC inhibitors only occurred at very high and cytotoxic doses. In contrast, 750 lM VPA, the therapeutic dose that effectively inhibited E2-induced proliferation and enhanced the anti-proliferative effects of tamoxifen, had little effect on ERE reporter gene activity. Therefore, alterations in ER-mediated transcription may not be physiologically relevant to the action of low doses of VPA on cell survival, and particular targets, such as Bik expression, may be more predictive for the anti-proliferative effects of HDAC inhibitors.
Valproic acid also enhances tamoxifen sensitivity of MCF-7 cells overexpressing HER2/neu in vitro. Growth factors such as HER2/neu are believed to phosphorylate the ERa and p160 co-activators, resulting in ligand-independent stimulation of target gene expression in these cells [40] [41] [42] . Overexpression of HER2/neu has also been causally associated with tamoxifen resistance in the clinic, hypothesized to be due to increased cross-talk between growth factor and ERa pathways [43] [44] [45] . The ability of VPA to enhance tamoxifen action on these tamoxifen-resistant cells suggests that VPA might be able to slow the development of tamoxifen resistance, a question we are currently exploring.
The cooperative anti-proliferative effect observed between HDAC inhibitors and anti-hormonal therapies is most likely an additive rather than a synergistic interaction, however it should be noted that in vitro synergy does not necessarily predict therapeutic synergy, defined as a combination of treatments that is more efficacious than using either agent alone [46] . There are several compelling reasons to further investigate combination therapy with VPA and antiestrogens in preclinical tumorigenic animal models and also in the clinic, particularly since VPA and tamoxifen are both well-tolerated clinically approved drugs with known pharmocodynamics and toxicities. VPA has been safely used in the treatment of epilepsy for over 30 years, although some adverse side effects have been reported including teratogenic effects and sometimes intolerable mental actions such as tremor and confusion.
Valproic acid has also been reported to have endocrine-related effects including altered ovarian function and menstrual abnormalities [47] [48] [49] . Although we did not observe any stimulatory activity of VPA under our experimental conditions, there have been several reports of selective agonist activity by HDAC inhibitors that warrant attention. Olsen and colleagues report that the sub-therapeutic dose of 100 lM VPA stimulated MCF-7 cell proliferation in the absence of E2, even though it inhibited E2-induced proliferation, an effect we did not observe using our cells and experimental conditions [29] . While our results and that of another group indicate that VPA strongly inhibits endometrial cell growth in vitro, one group reported that VPA stimulates proliferation in Ishikawa cells [50, 51] . Similar doses and treatment regimens were used in each study, however Ishikawa cells are known to be heterogenous and change morphology and receptor status during culture, so it is possible that different cell populations were assayed from ours [52] . In addition, TSA and sodium butyrate have been reported to increase uterine mass and the mitotic index in ovariectomized mice, so it is possible that other HDAC inhibitors such as VPA may have a similar effect [53] . Because of these concerns, in vivo experiments in a preclinical tumorigenic animal model are currently planned to monitor any selective agonist effects in hormone-responsive tissues, in addition to confirming the cooperative anti-proliferative effects between VPA and tamoxifen to inhibit breast tumors.
In summary, combination treatment of the HDAC inhibitor VPA with tamoxifen and other hormonal therapy agents cooperatively inhibits cell proliferation and induces apoptosis in ERa-positive breast cancer cells and in tamoxifen-resistant cells overexpressing HER2/neu. The combination of HDAC inhibitor and antiestrogen therapy could be useful for designing new therapeutic strategies in the future. Particularly attractive is the potential use of HDACs, especially VPA, to increase response to hormonal therapy in ERpositive breast cancer and to increase sensitivity in tamoxifen resistant tumors. Adding VPA to tamoxifen therapy could also protect women from developing uterine adenocarcinoma while enhancing the efficacy of tamoxifen in inhibiting breast tumors.
